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Hydrogeologists sample wells to test aquifer water quality and use slug tests to estimate
aquifer permeability. Robbins et al. (2009) proposed a more efficient way to obtain the goals of
the two tests—the use of low-flow sampling and the use of the resulting flow rate and drawdown
data to estimate aquifer hydraulic conductivity (K). The Robbins et al. method calculates K by
using the slope of the best fit line from the graph of flow rate vs. drawdown for all low-flow
pumping data collected at a well. When the method was applied to low-flow data from four
Kalamazoo, MI, it was successful at all four wells. It was most successful at the well in the
lowest permeability aquifer. By monitoring water-level recovery after low-flow pumping
stopped, researchers also conducted a quasi-slug test to determine K. In three wells, recovery
was too fast to use a quasi-slug test to secure a reliable K value. Resulting K values, determined
by the Robbins et al. method, quasi-slug test, and slug test, were compared. Low-flow pumping
does not cause sufficient drawdown to accurately define K, so the method was least effective in
higher permeability aquifers. The method also adds more work to low-flow sampling. In higher
permeability aquifers, slug testing was the simplest, most reliable way to determine K. A
correlation was found between the resulting K values of all three methods. Results indicate
potential to use either the Robbins et al. method or quasi-slug test in lower permeability aquifers.
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CHAPTER 1
BACKGROUND

1.1 Introduction
The US Environmental Protection Agency (EPA) and state agencies began providing
guidance concerning low-flow purging/sampling following the publication of Puls and Barcelona
(1996) (as cited in Robbins et al. 2009, p. 271). Low-flow sampling involves pumping
groundwater from a well at a rate of less than 1 L/min. The low-flow purging/sampling technique
has become the standard method of collecting groundwater samples that are tested for
contaminants. It is commonly used in both the environmental consulting industry and the
academic world of hydrogeology. The widespread use of this method has led to the production of
equipment that can be used to employ this method (Robbins et al., 2009). The estimation of how
quickly contamination is likely to travel through an aquifer drives the selection and timing of
remediation methods used by environmental consultants and scientists working at contaminated
sites. The predicted contamination travel rate is based on the chemical nature of the
contaminant(s) (not investigated in this study) and the rate of water flow through the aquifer
system. This thesis addresses the flow-rate portion of these prediction calculations.
In Determining Hydraulic Conductivity Using Pumping Data from Low-Flow Sampling,
(Robbins et al., 2009) concluded that equation 2 from Henebry and Robbins (2000)

𝐾=

𝐿
𝐿 2
(𝑆 ′ ) ln [ + √1 + [ ] ]
𝐷
𝐷
2𝜋𝐿
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could be used to determine K, and so act as a substitute for a slug test. This new method of
determining hydraulic conductivity from low-flow pumping data will be referred to as the
‘Robbins et al. method’ within the context of the study detailed in this thesis. The Robbins et al.
method uses data from a minimum of three low-flow sampling tests. A graph is plotted showing
flow rate vs. drawdown points and a trendline fitting the data points is drawn. The slope of this
trendline plus measurements corresponding to the well screen are then used to calculate K.
Robbins et. al (2009) applied the Robbins et al. method to confined, low permeability aquifers.
The resulting K values were compared and shown to agree with the K values from slug tests
completed at the same locations (Robbins et al., 2009). There is potential to use the Robbins et
al. method to determine hydraulic conductivity (K) values and as a result increase the
characterization of an aquifer with minimal added effort to the low-flow sampling regimen.
1.2 Statement of the Problem
The study detailed in this thesis compares three methods of determining hydraulic
conductivity: (1) Robbins et al. method; (2) quasi-slug testing; and (3) slug testing. To replicate
the Robbins et al. method, each of the wells assessed in this study had a minimum of three lowflow pumping tests performed using different pumping rates. The wells tested in this study are
located at Western Michigan University’s (WMU’s) main campus in Southwestern Michigan.
The lower peninsula of Michigan was once completely covered by glaciers. Due to the
depositional environment produced by glaciers, the resulting aquifers are heterogeneous and
frequently unconfined. The campus has nine monitoring wells that differ only by well depth. A
detailed geological description was logged at each site during well installation. The campus is a
particularly well suited site for the comparison of differing methods of calculating K because the
same well installation methods were used for each well; documentation of the geologic material
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surrounding each well exist; and the well locations are in aquifers that are unconfined yet not
completely homogenous.
The Robbins et al. method was originally tested in two different field sites in
Connecticut. One of the two field sites had a confined aquifer composed of fine sand, while the
second field site had a silty sand aquifer. The equation used to solve for K in Robbins et al.
(2009) requires solving for the slope S’ of the best fit line through the data for flow rate vs.
drawdown from a specific well. The resulting K value determined at a well was then comparable
to the K from slug tests completed at the same well.
The study detailed in this thesis compares the results of the Robbins et al. method with
results of slug tests, following the methodology reported in Robbins et al. (2009). The field sites
in the study detailed in this thesis were in highly permeable and largely unconfined aquifers,
which is in direct contrast to the field sites used in Robbins et al. (2009). At these sites, the
Robbins et al. method of determining hydrologic conductivity in what appears to be previously
untested conditions.
The field sites were all located on WMU’s main campus in Kalamazoo, Michigan. The
wells are in the highly permeable aquifers with predictably rapid drawdown and recovery rates.
None of the wells in the study detailed in this thesis were further developed by the researchers. It
is impossible to determine if any of these wells would have had even higher K values had they
been developed directly prior to determining K. SME (Soil and Materials Engineers, Inc.) staff
drilled all of the wells examined in the study and did so within the span of a few days. The
researchers assumed that the wells were all equally developed at the time of installation and have
not been further developed since. The researchers found that both the Robbins et al. method and
the quasi-slug test produced the most accurate results when applied to the tennis court well, the
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well in this study with the lowest permeability.
While the thesis project is a replication of the methods used by Robbins et al. (2009), it is
also a test of Dr. Hampton’s idea for a quasi-slug test. The method of determining K parallels a
slug test because the recovery after pumping is monitored using a transducer. A quasi-slug test is
completed at the end of low-flow pump test using the equipment required during pumping. The
quasi-slug test requires that researchers first pump a well until the drawdown equilibrates. In the
study detailed in this thesis, the Geotech Geopump Series II peristaltic pump was used in both
the Robbins et al. method and a quasi-slug test. A quasi-slug test can begin after a minimum of
20 L has been pumped at low-flow rates. The pump is then shut off, imitating a slug test or what
Weight (2008) defined as a Theis recovery test. To determine K, researchers analyze the data
showing how fast the water level returns to equilibrium after pumping stops. The analyses follow
the same steps as a slug test. If the results from the quasi-slug test following low-flow sampling
proved comparable to results from a slug test, low-flow sampling could offer two ways to
calculate K values without performing a slug test. The recovery data needed to analyze a quasislug test is collected by a transducer recording the depth to water (DTW) levels while preventing
drainage back into the well from the tubing of a peristaltic pump.
The quasi-slug test is comparable to a slug test in that the data is obtained during a single
field visit. By comparison, the Robbins et al. method requires graphing the results from a
minimum of three separate peristaltic pump tests to determine the slope of the resulting line,
which is added to Henebry and Robbins (2000) equation 2 for K. In this study, the researchers
used the AQTESOLV program to solve for K in both the quasi-slug and slug tests. K was also
calculated using the Robbins et al. method and therefore the Henebry and Robbins (2000)
equation 2 to calculate K. Slug tests were conducted at each of the wells in the study detailed in
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this thesis and resulted in K values for the geologic material around each of the wells. The
researchers compared the Robbins et al. (2009) K values and the quasi-slug K values to the slug
test results.
The data analysis from the field work completed in the high permeability aquifers had
predictably rapid well recovery. If the Robbins et al. method proved to be successful in highly
permeable aquifers, then determining K could become a component of the low-flow sampling
process rather than being part of a slug test that was conducted as a separate process. Similarly,
the quasi-slug test has the potential to determine hydrologic conductivity with an additional datagathering step added to the end of a low-flow pump test. If successful, either of these methods
could yield financial dividends for the clients of environmental consultants by saving time, and
as a result, money.
1.3 Brief Explanation of Aquifers
An aquifer is a geologic unit that is capable of both storing and transporting water at a
rate sufficient to supply wells. The zone of saturation is defined as the area below the water table
up to the top of the tension-saturated capillary fringe where the pore space is predominantly
filled with water. The zone of aeration is above the saturated capillary fringe where the pore
space is at least partially filled with air. The water table that includes the top of the groundwater
in a well is just below the line of separation between these two zones. Groundwater monitoring
wells serve as a scientist’s window into an aquifer. There is no production pump installed in a
monitoring well. Instead, a monitoring well offers access to groundwater in the saturated zone.
To obtain a groundwater sample, researchers or installers place a temporary pump in the
monitoring well. This strategy is just one method of collecting data from the surface to gain a
better understanding of the movement of groundwater through the aquifer where the wall is
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installed (Fetter, 2001).
1.4 Stratigraphic Information on an Aquifer with a Monitoring Well
Groundwater is the largest reservoir of freshwater available for human use. When all the
freshwater from stream and river channels, lakes, swamps, bogs, atmosphere, and groundwater is
added together, freshwater accounts for only 0.65 percent of all water on Earth (Monroe &
Wicander, 2006); most of this water is actually groundwater. To identify and preserve potable
water, scientists determine whether the groundwater in an area is contaminated, and if it is
contaminated, scientists predict the contaminant velocity through the aquifer. To both remediate
contaminated water and to protect natural areas with limited contamination, scientists need to
understand as much as they can about the current purity of groundwater and work. When a
contaminant is in the groundwater, the rate that it will move through an aquifer system mostly
depends upon the nature of the geologic material in that area, the gradient driving flow in the
aquifer, and the chemical characteristics of the contaminant and the aquifer (Monroe &
Wicander, 2006).
In an ideal world, a scientist researching a particular well would have access to a detailed
geologist’s log of the stratigraphic information from the well. The log would provide a detailed
description of the geologic material that composes the local aquifer system. This information is
obtained by individuals who, while drilling a well, are carefully logging the materials extending
from the Earth’s surface to a depth below the contamination. While on occasion geologist’s logs
are completed by a geologist, the log is often recorded by a driller who is busy with installing a
well and who may have limited education in soil science, sedimentology, glacial geology,
geomorphology, or physical geology. Rarely is high-quality and detailed stratigraphic
information about an area available through these logs. Typically, the logs offer limited
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understanding of the subsurface heterogeneities. Nevertheless, the information provided in the
logs from wells used in the study detailed in this thesis proved beneficial for predicting the likely
range of K values to expect from the geologic material surrounding each well. As previously
stated, all monitoring wells used in this study. As previously stated, all monitoring wells used in
this study are located on WMU’s main campus; they were all installed for campus water
management purposes. Despite the relative closeness of the wells examined in this study, the
aquifer composition differs between these wells mainly because the aquifer material was
deposited by glacial processes.
1.5 Monitoring Wells as Access to the Underground World of Aquifers
Monitoring wells are installed in areas where there is an increased likelihood of
contamination, such as near mines, landfills, or underground storage tanks. To allow the
collection of a sample of groundwater, a pump is temporarily installed into the monitoring well.
There are several methods available for sampling water from a monitoring well. The most
accurate method available for sampling groundwater is the low-flow sampling method. When
working with contaminants, one ultimately needs to ask where the source for this contaminant is
located and how the contaminant entered the environment. Preventative measures and
remediation of the contaminated area can begin once contaminated groundwater is detected.
Contaminants present in the groundwater must be determined prior to any remediation. Once the
contamination source or sources have been identified, then work can begin to prevent further
contamination and initiate any necessary remediation (Fetter, 2001).
1.6 Collecting a Representative Sample of Groundwater
Groundwater sampling data best represents the true aquifer conditions when the
groundwater is disturbed as little as possible during sampling. A sample representing
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groundwater surrounding a monitoring well can be obtained by ensuring that the water is
collected from the area directly around the well screen and that there is minimal disturbance in
turbidity and temperature. Environmental/chemical indicator data are collected in the field, often
with the use of a specific sensor. Measurements recorded in the field include the following: pH,
temperature, specific conductivity, dissolved oxygen, redox state, alkalinity, turbidity, and total
suspended solids. These indicators function as both warning flags of potential problems in the
sampling process and potential contamination concerns (Weight, 2008).
1.7 Determining the Field Location for this Project
After a meeting with Thomas R. Howe III, a Geoscience Specialist at WMU’s
Department of Geological and Environmental Sciences, it was determined that independent data
should be gathered. The researchers determined that for this project data would be collected by
using low-flow sampling pumps at monitoring wells located on WMU’s main campus. In May
2012, SME (Soil and Materials Engineers, Inc.) had installed the network of nine monitoring
wells, taking only a few days to complete all installations. Working at this WMU site was
particularly inviting to me because these wells were accompanied by excellent boring logs
documenting the geology encountered while drilling. In this study, alternative names were
assigned to the wells based on each well’s position relative to WMU landmarks. Four of the nine
monitoring wells on WMU’s main campus were used in this study. The wells used as field sites
in this study are referred to as the tennis court well, track well, power plant well, and stadium
well. These sites are highlighted on a map of WMU’s main campus (Figure 1). Each of these
flush-mounted monitoring wells has been constructed with two-inch (0.1667 feet) diameter
schedule 40 PVC pipe and a five-foot long, 10-slot PVC well screen (i.e., saw-cut openings
which are 0.01 inch wide).
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1.8 Potential Wells That Were Not Used
Wells located at the Asylum Lake Preserve were considered for use in this study;
however, several of the wells have been removed. These wells had been located along Asylum
Lake and would have given insight into how the Robbins et al. method would have functioned in
an area with high permeability and where the water table was close to the surface. Researchers
also attempted and failed to use several wells on WMU’s main campus with water levels that
were too deep to access using a peristaltic pump. The pump researchers tried to use did not have
adequate pressure to lift water from such a great depth. Other wells installed by SME (Soil and
Materials Engineers, Inc.) on campus were either not easily accessible or the water levels were
too deep to pump at the slow rates required by low-flow pumping. Two wells at Dr. Hampton’s
private residence were also tested. In the studies attempted at these two wells, the equilibrium
drawdowns measured did not change even though the pumping rates significantly varied. For
these two wells, K was not able to be calculated using the data gathered during low-flow
sampling tests due to insufficient drawdown at the wells. The problems researchers encountered
trying to employ the Robbins et al. method at the site of these two wells demonstrated one of the
limitations of applying the method.
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CHAPTER 2
LITERATURE REVIEW
2.1 Groundwater Flow and Permeability
Monroe et al. (2006) discusses the connection between groundwater velocity and
permeability. The velocity of groundwater is largely based on the permeability of the geologic
material through which it flows. The average velocity of groundwater within an aquifer is 10-50
centimeters per day. A highly permeable aquifer could have water flowing at a rate as high as
several meters per day. An aquifer system with low permeability and low gradients could have
water that flows only a few centimeters per year.
2.2 The History and Importance of Hydraulic Conductivity
Fetter (2001) details the role of Henry Darcy, a French Engineer, in hydrogeology. In the
mid-1800s, Darcy completed a classic experiment of water movement through various materials,
and that research originated the concept of hydraulic conductivity (K), an important parameter
governing the flow of water through geologic material, as well as an equation to determine this
value. Darcy performed the original experiment in a laboratory setting with a vertical pipe filled
with sand for water filtration. He observed that the rate which water was flowing through the
pipe was directly proportional to the differences in the heights of the water pressure-measuring
columns at either end of the filter beds and to the cross-sectional area of the pipes, and inversely
proportional to the total distance that the water was flowing. Henry Darcy expressed his finding
mathematically in
Darcy’s Law: Q = - K A Δh/ΔL ,
wherein the volumetric flow rate, Q, is proportional to the cross-sectional area A perpendicular
to flow, to the change in head or water-level (Δh) over the flow distance (ΔL) (i.e., groundwater
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or hydraulic gradient), and that the proportionality constant is K, hydraulic conductivity (Fetter,
2001). This equation established that a K value is calculated using data taken in the field related
to the rate of drawdown, the rate of and recovery and the flow of water given a specific pumping
rate. Based on the calculated value of K, it is possible to then formulate a hypothesis as to the
geologic material around a well’s screen.
2.3 Theory vs. Field Work in Hydrogeology
Hydrogeology equations are tools used to piece together the conditions that surround a
monitoring well. The ability to accurately and precisely calculate values related to the movement
of water in the field is dependent upon both the quality of data accessed in the field and the
available information about the well. The concept of a homogeneous aquifer is used as the
platform from which calculations, such as Darcy’s law, are developed. These same equations are
then applied to the field, but the world has a wide variety of variously permeable materials
because an aquifer is the amalgamation of Earth processes over an extended period. Aquifers that
can arguably be categorized as homogeneous are rare. Some claim that a truly homogeneous
aquifer system does not exist in the real world (Miller & Durnford, 2004). Hydrogeologists apply
a more generalized view of the aquifer to the necessary calculations, particularly if the aquifer is
confined or unconfined. The saturated material in an unconfined aquifer is continuously
connected from the land’s surface to the confining layer at the aquifer’s base. A confined aquifer
has confining low-permeability layers above and below the aquifer.
In addition to understanding an aquifer, hydrogeologists must have a clear understanding
of the measurements of the well where they are working. Knowing the well screen’s length and
diameter was essential for the three methods we used to determine K in this study. Especially for
the tennis court well, another important variable that influenced some calculations in this study
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was the suspected presence of a well skin. A well skin is a low (or possibly high) permeability
cylinder of material along the borehole that forms due to improper well installation or
development. In an extreme case, the presence of a well skin can make a well unusable.
2.4 EPA Endorsement of the Low-Flow Groundwater Sampling Procedures
The low-flow method of collecting groundwater samples was first championed by Puls
and Barcelona (1996). Robbins et al. (2009) explain that before the work of those researchers,
the convention for collecting a water sample from a well was to purge the well using a
submersible pump at a high flow rate (e.g., 10 L/min) until approximately three times the well
volume had been purged. Using this method, the sample obtained was often not entirely from the
aquifer interval directly open to the well screen, because the sample could also include stored
water from the casing above the well screen. For low-flow sampling, the water is collected at a
rate typically no higher than 1 L/min. This method is preferred because it gives a more
representative sample of water from the aquifer by avoiding disturbance and mixing of the water
standing in the well above the screen. Robbins et al. (2009) also document that in 1996, the lowflow method was implemented by the U.S. EPA as well as in state-based regulations. The
establishment of these regulations resulted in environmental equipment suppliers creating and
manufacturing equipment to facilitate low-flow pumping and sampling procedures.
2.5 Determining Hydraulic Conductivity via Slug Test
The slug test is a standard method of determining the K of an aquifer surrounding a
monitoring well. The positives for using slug testing in contaminated sites include the following.
There is minimal to no removal of contaminated water. Performing a slug test is both
inexpensive and relatively fast (Binkhorst & Robbins, 1998). K is calculated using water level
measurements reflecting the rate that the water table rises or falls back to equilibrium when a
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slug is respectively placed into or taken out of a well (Fetter, 2001). A slug test typically takes
less than 30 minutes to complete, although aquifers whose hydraulic conductivity is very low
will require more time. A slug test requires that a slug, a cylinder of known volume, is lowered
into the well. Slugs are often composed of a PVC pipe filled with sand (Weight, 2008).
The process of completing a slug test begins before researchers leave for the field site.
Prior to researchers going into the field, they should, ideally, find the following information
about the well: length of the well screen, height of the water column above the well screen, and
information recorded at the time of well installation. Researchers should use this information to
strategically choose both the size of the slug to be used as well as the transducer’s placement and
settings. Weight (2008) suggests that if the slug is too small for the conditions, the movement of
water in relation to slug may be minimal and the resulting K value inaccurate. A poorly-placed
transducer could result in inaccurate readings or damage to the transducer. If the transducer is set
to record water level data too slowly, there is a risk of missing the actual movement of water
during a slug test.
The next step of a slug test involves removing the well cap and collecting general
information at the field site before the slug is ever lowered into a well. This step includes
measuring the total depth of the well, the well’s diameter, and the depth to water (DTW)
measurement at the time of the slug test. By measuring the rate that the water level changes
within the well between the time that a slug is first lowered into the well and then later taken out
of a well, The data from these two tests—the slug-in and the slug-out tests—can each be used
independently to calculate the hydraulic conductivity (K) (Weight, 2008).
When analyzing the data from a slug test, researchers have to engage in best-guess
decisions about variables that can account for differences in K values calculated using slug tests.

13

For example, one best-guess decision involves choosing the mathematical model to solve for K
using field measurements. It is possible to select a model that allows researchers to account for a
well-skin. Conversely, as Henebry and Robbins (2000) indicate, researchers may also choose to
develop a well in the field before collecting data because prior well development can be a crucial
prerequisite to obtain an accurate K value from a slug test.
2.6 Determining Hydraulic Conductivity via Low-Flow Sampling
According to Robbins et al. (2009), “In this study, we assessed the use of the steady-state
discharge and drawdown attained during low-flow sampling to determine hydraulic conductivity
as an alternative to slug testing” (p. 271). The Robbins et al. method determines K by first
graphing the flow rate vs. drawdown values and then calculating the slope of the regression line
through these values. The overarching goal of the Robbins et al. (2009) study was to test and
compare methods for determining K. A more specific goal was to determine if the Robbins et al.
method to determine K was as accurate as the results obtained from slug tests completed in the
same well. Robbins et al. (2009) describes their summary of methods below:
Our assessment entailed two parts. First, we statistically compared hydraulic conductivity
values computed using steady-state discharge and drawdown from a sampling round
conducted using low-flow sampling with previously determined slug test results. Second,
to assess reproducibility under real world conditions, we analyzed data from field notes
obtained from a consulting firm that had been recorded by four different field technicians
who collected samples at three wells over three quarterly rounds of sampling (pp. 271272).
The values for drawdown in the Robbins et al. (2009) research came from measuring the depth
of the water table using a water level tape.
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In the Robbins et al. method the only pair of parameters used to solve for K are the flow
rate and drawdown during low-flow pumping, making accurate measurements of both steady
drawdown and flow rate essential. Care must be taken to achieve steady-state conditions during
the low-flow pump tests to ensure that initial and final water levels are accurate. Robbins et al.
(2009) measured the depth of the water table prior to beginning pumping (initial DTW) and
immediately before shutting the pump off (final DTW). The difference between these values
equals the steady-state drawdown, a term that means the change in the depth of the water table
throughout the process of pumping (Robbins et al., 2009).
The Robbins et al. (2009) study was completed at 16 wells over two field sites in
Connecticut. One of these field sites was a confined fine sand aquifer with a clay layer above and
crystalline bedrock below. The other field site was not defined as a confined aquifer, but was
surrounded by low-permeability geologic material—glaciofluvial silty sand deposits directly
around the well screens—with an underlying layer of low-permeability till. This composition
caused the site to behave like a low-permeability aquifer. Robbins et al. (2009) tested 13 wells in
the confined aquifer and 3 in the silty sand aquifer. While 12 of the 13 wells showed reasonable
agreement, there was a problem with one well that was tested in the Robbins et al. (2009) study.
This well had the lowest permeability of the wells tested in the study. Due to the lowpermeability, the steady-state flow during low-flow pumping was never reached (Robbins et al.,
2009).
Robbins et al. (2009) determined that when the low-flow data-based method was applied
to these two field sites, the resulting K values agreed within a factor of two at11 of the 12 wells
in the confined aquifer. Robbins et al. (2009) graphed the slug test K values vs. the Robbins et al.
method’s K values. In addition to the confined aquifer field site, the Robbins et al. method was
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also applied using the field notes from three wells where measurements had been taken quarterly
by four different field technicians working with a consulting firm.
For Robbins et al. (2009), pumping at different rates resulted in corresponding changes in
both flow rate and drawdown. These data points were plotted in the flow rate vs. drawdown
graph. Three different flow rates were needed because, although two points define a line, the
strength of the fit of a straight line to the data only begins to become evident when there are three
points. Robbins et al. (2009) used the value for the slope of the regression line between flow rate
and drawdown in Henebry and Robbins (2000) equation 2 for K. This equation also includes the
screen length and diameter as necessary data.
Robbins et al. (2009) discusses the potential influence of their work:
If results [from the Robbins et al. method] were found to be comparable to that of slug
tests and reproducible, one could avoid an additional phase of deployment to determine
hydraulic conductivity. Furthermore, it would enhance the value of low-flow sampling
data and would provide hydraulic conductivity values indicative of conditions during the
time of water quality sampling. It would also provide a convenient method for monitoring
changes in hydraulic conductivity values owing to, among other causes, alterations in
ground water geochemistry induced by remediation methods (e.g., Johnson et al. 2008).
Such a method would also be a means of reducing effort and cost associated with
conducting enhanced site investigations that entail the use of multilevel well clusters.
(p. 272)
Robbins et al. (2009) argued that their method may have the following potential benefits.
This method could avoid the necessity of implementing an additional step in the field while
adding to the value of using low-flow sampling. The method might increase the convenience of
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determining hydraulic conductivity while avoiding altering the groundwater geochemistry.
Finally, the method could have the potential to reduce the time and cost of determining hydraulic
conductivity. By comparison, a slug test provides a rapid change in the depth to water value
within the well both when the slug is lowered into the well and after it is removed. This artificial
and rapid change in water levels in a slug test does not achieve the steady-state discharge and
drawdown that is achieved in the Robbins et al. method (Robbins et al., 2009).
Robbins et al. (2009) argued that, within a specific range of conditions, what is referred
to in this thesis as the ‘Robbins et al. method’ could be used instead of a slug test. The
researchers stated the following “to minimize the duration of sampling, the method appears
applicable above a hydraulic conductivity greater than 10-6 cm/s” (Robbins et al., 2009, p. 275).
The article also shared this warning,
Given the typical regulatory mandated maximum sampling rate of 1/L/min or less, in
high-conductivity environments, one may not be able to accurately discern the amount of
drawdown. A practical upper conductivity limit was calculated using the radial flow equation
and a pumping rate of 1 L/min, assuming an accuracy of drawdown measurement with a water
level tape of 0.6 cm. This resulted in a conductivity of about 10-3 cm/s. If a sensitive pressure
transducer is used to measure drawdown, one may push this upper limit higher into the 10-3 to
10-2 cm/s range (Robbins et al., 2009, p. 275).
It is valuable to realize that the Robbins et al. method is most likely to be successful in an
aquifer with hydraulic conductivity that is within the range of 10-3 and 10-6 cm/s, and possibly
up to 10-2 cm/s if more accurate measurements are taken.
2.7 Comparison of the Results of Robbins et al. (2009) to Slug Test Results
In Robbins et al. (2009), there was a significant correlation between the K values

17

determined by slug tests and the K values determined through the low-flow sampling method.
The Robbins et al. method is particularly dependent upon accurate measurements of both
drawdown and flow rate. In this method K is calculated using the slope of the line of flow rate
(mL/min) vs. drawdown (cm). The researchers compared the K values obtained via the Robbins
et al. method to the K values determined via slug tests completed at the same wells at both field
sites. There was a correlation within a factor of 2 for 11 of the 12 wells in the confined fine sand
aquifer and within a factor of 4 in the twelfth well. Because the wells were all located in a lowpermeability aquifer, the time required for both drawdown and recovery were longer than would
be needed in an aquifer with a higher permeability. The longer time period is beneficial because
steady state drawdown can be achieved while conducting low-flow pumping
2.8 Introduction to Additional Resources
Henebry and Robbins (2000) described the main purpose of their study in the following
abstract: “Field tests were conducted to investigate skin effects in multilevel ground water
samplers installed with direct push methods. Tests consisted of determining hydraulic
conductivity values using slug tests in five multilevel samplers before, during, and after
development” (p. 882). This study gave perspective into the underlying mathematical model
selection and physical logistics of both a well and slug test.
Henebry and Robbins (2000) also introduced a method of determining K using data from
low-flow tests. The authors’ equation
2, K=(S^' ) ln[L/D+√(1+[L/D]^2 )]/2πL
requires knowledge of the following components: well screen length, well screen diameter, and
slope of the regression line of the graph of flow rate vs. drawdown. This equation was used in
both Robbins et al. (2009) and this thesis study.
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CHAPTER 3
METHODS
3.1 Common Logistics for Three Methods Used to Determine Hydraulic Conductivity
The three methods for determining K all depend on changing depth to water (DTW)
values. A natural alteration to the DTW can occur when a significant amount of precipitation
collects in the area. In this event, the water table will rise and the value for DTW will decrease.
During a period of drought in an area, the DTW will increase as the water table drops further
below the Earth’s surface. In all three methods of determining K, the DTW was consistently
measured during field studies by using a water level tape. All water level tapes used in this study
shared a similar design. In this thesis study, the water level tape used most often was
manufactured by HERON Instruments Incorporated. The change in the DTW values was the
difference between the DTW values taken before pumping started and the DTW values taken at
the end of low-flow pumping. The difference between the DTW prior to and after pumping was
required in the Robbins et al. method of determining K.
It was determined that taking hand measurements with a water level tape was not
practical in this study because the resulting data did not provide the level of accuracy and
precision necessary for analyzing slug and quasi-slug tests. The rapid recovery rates were to be
expected in such due to the high permeability of the aquifers used. Because transducers are
preferable to water level tapes for gathering data for two of the three methods, the use of the
HERON Instruments Inc. transducer S/N 09766 F30/M10 was initiated in fall 2016 to record the
water-levels in all wells tested. This data was subsequently analyzed using AQTESOLV to
determine the K values from data collected during both quasi-slug tests and slug tests. The
transducer data gave a per second account of groundwater flow during both drawdown and
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recovery, faster than measurements using a water level tape. Measurements taken with a water
level tape had originally been used as the sole method of obtaining drawdown and recovery data.
This sole method did not cause problems with measuring the steady state drawdown caused by
low-flow sampling in the Robbins et al. method. However, taking measurements using a water
level tape was inadequate with both quasi-slug and slug tests.
The data obtained before the use of the transducer is still applicable to the Robbins et al.
method. The Robbins et al. method is dependent upon graphing the measurements of flow rate
(mL/min) vs. drawdown (cm). Flowrate and drawdown can be measured using a water level tape,
stopwatch, and a 500 mL graduated cylinder. A transducer is not necessary when obtaining these
measurements. Different water level tapes were used to determine DTW, which may have caused
error. All water level tapes were kept in a communal storage area, so it was difficult to maintain
complete consistency with the water level tape used from day to day. When measuring the DTW
values during one low-flow pumping event, the same water level tape was consistently used.
3.2 Logistics of Using the Slug Test to Find Hydraulic Conductivity
Slug tests are the traditional method of determining the value of hydraulic conductivity K
in the field. In a such tests, a slug, typically a sand-filled PVC pipe, is lowered into a well. The
handmade slug used in this thesis study was a five-foot , weighted piece of PVC pipe with a
metal loop at one end with a string attached. In this research, a transducer was used to monitor
the majority of the DTW levels during slug tests. Initially, a water level tape was used, but it
became apparent that this approach was not going to provide the necessary data. Slug tests were
conducted either before pumping began or after it concluded. The results from the slug tests were
then compared to the results of the Robbins et al. low-flow method and the quasi-slug tests. This
process provides two different opportunities for the DTW to be artificially altered in relation to
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the slug’s position. A slug test occurs when a slug is either quickly placed into or removed from
a well. There are two separate types of slug tests: a slug-in test and a slug-out test. During a slugin test, a slug is lowered into a well. This action causes the water to rise and DTW values to
decrease. With a slug-out test, a slug that has been placed in the well long enough for the water
to have returned to the initial DTW measurement is removed from the well, causing the DTW to
increase quickly and then decrease as the water-level recovers to the SWL. After the well has
been given adequate time to have the DTW reading recover with the slug within the well, the
slug is taken out of the well. Unlike the other two methods used to determine K in this study, a
slug test is not contingent upon completing a low-flow sampling effort and subsequent pumping
data. The use of a slug will typically result in much greater drawdown values than is caused by
low-flow sampling (Weight, 2008).
The changes in the DTW are monitored as the water-level recovers to the SWL. This data
is then analyzed using AQTESOLV to determine the K value. The Kansas Geologic Survey
(KGS) method was used with some slug tests because that method allows scientists to account
for a well skin. However, most of the slug tests completed in this study were analyzed using the
highly regarded method discussed in Bouwer and Rice (1976), which is known as the ‘Bouwer
and Rice’ method. All software packages provide the Bouwer and Rice method as an option
when calculating K using a slug test (Weight, 2008).
The software package AQTESOLV was used to analyze the slug test data, with either the
Bouwer-Rice or KGS (Kansas Geological Survey) mathematical solutions for hydraulic
conductivity (Duffield, G. M., 1996-2007). When calculating K, Bouwer-Rice was applied under
the constraint that the aquifer is unconfined. The KGS mathematical solution was applied to
some of the slug tests at the tennis court well. Because researchers did not determine whether the
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tennis court well had a well skin, we calculated K assuming that the well had a well skin and also
calculated K assuming that the well did not have a well skin. The KGS method was only applied
at the tennis court well because that well was significantly less permeable than the other wells in
the study, which suggested the possibility that a well skin had developed and should be
accounted for in the related calculations (Weight, 2008).
At least two slug tests were completed at each of the wells in this study. Because the
researchers in this study began recording low-flow sampling data with a transducer part way into
the study, the resulting analyses they completed were limited to data gathered using a transducer.
This limitation reduced the number of slug tests available for analysis. At all wells in this study,
slug tests resulted in what appear to be consistently accurate and precise K values.
3.3 Logistics of Using the Quasi-Slug Test to Find Hydraulic Conductivity
This project introduced the quasi-slug test, a new method of determining K that was
designed by Dr. Duane R. Hampton. The quasi-slug begins when a low-flow pump test ends and
the pump is turned off. Before the peristaltic pump is turned off at the end of th low-flow pump
test, researchers ensure that the end of the tube remains positioned in the bucket or graduated
cylinder use for measuring the pumped water. The end of the tubing is kept inside the collected
discharge water to maintain the water pressure within the tubing. When the water pressure is
properly maintained, the pumped water will be contained inside the tubing, and as a result, water
does not drain into the well. Such drainage would ruin the resulting recovery data used in a
quasi-slug test. The recovery of the quasi-slug test water-level towards the initial DTW value is
equivalent to water level changes that occur when a slug is removed from a well.
3.4 Logistics of Using the Robbins et al. Method to Find Hydraulic Conductivity
A field notebook was maintained during all data collection. Prior to beginning a low-flow
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sampling test, the location, weather conditions, and personnel present that day were recorded.
Details were also documented concerning the low-flow sampling test: speed setting on the
peristaltic pump, pumping rates, time the pump was turned on/off, and measurements of the
DTW throughout the study (including the initial and final values). Multiple low-flow sampling
events were conducted to measure the different equilibrium drawdowns produced by different
pumping rates. This resulting data was then plotted, and a trendline was drawn through the
points. Determining the slope of this line is a requirement when determining K using the Robbins
et al. method.
To access a specific well, the flush-mounted well vault cover was opened and the
pressure stopper in the top of the PVC well casing was removed. A Heron Instruments Inc.
transducer S/N 09766 F30/M10 was connected to a laptop and programed to take measurements
on a one-second interval starting five minutes after set-up. The transducer was set to begin at
least one minute prior to pumping. Once the transducer was programmed, it was lowered into the
well using fishing line attached to one end. This unvented transducer was appropriate for these
brief tests because significant changes in atmospheric pressure were not likely to occur in the
hour required to do each test.
Flexible silicone tubing was inserted in the pump head of the peristaltic pump. One end
of the tubing was placed at the bottom of one of two 4-liter graduated cylinders standing near the
well; the opposite end was lowered to slightly above the bottom of the monitoring well. These
finely marked cylinders were used to collect the water drawn from the well to accurately
measure the pumping rate in mL/min. During this process, each occurrence of 500 mL being
pumped was recorded.
Except for five low-flow pump tests conducted early in the study, a minimum of 20 L of
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water was pumped from a well prior to turning off the pump and monitoring the recovery. This
process mimicked the low speed and long pumping time used by environmental consultants in
the field. Pumping 20 L from each site also provided consistency in the study. Periodic waterlevel measurements were taken and compared to assure that equilibrium had been reached before
turning off the pump. Due to the high permeability of the aquifers used in this study, both
drawdown and recovery occurred quickly. The use of a water level tape only could not measure
drawdowns quickly or accurately enough for this study. Once this complication was discovered,
researchers used transducers to record more precise and complete recovery data. Transducer data
increased the accuracy of data and enabled the researchers to calculate K more precisely.
This thesis study did not characterize the water chemistry during the pumping process, a
traditional component of low-flow sampling, but instead focused on the drawdown in the
monitoring well. The depth to water in the well is measured at the beginning of a low-flow pump
test, occasionally throughout the test, and prior to turning off the pump. In this study, the
peristaltic pump was turned off after the following two conditions were met: a minimum of 20 L
had been pumped and DTW measurements indicated that no further drawdown was occurring.
Determining K using the Robbins et al. method requires pumping at a minimum of three
different rates. Robbins et al. (2009) assumes that a higher pumping rate will cause greater
drawdown. The researchers drew a trendline through the data points for flow rate vs. drawdown.
Considering that the equation in Robbins et al. (2009) depends on the slope of this trendline, it is
necessary to use a variety of pumping rates to have a variety of different flow rates and
drawdowns values. Unfortunately, consulting firms doing low-flow sampling may not vary their
rates widely as they prefer to standardize procedures for efficiency in work.
To calculate K, researchers had to solve for the total drawdown, which is equivalent to
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H(0) (displacement at time 0, indicating the maximum change in head) in a slug test. The value
of H(0) is obtained by subtracting the initial DTW value, which was taken prior to pumping,
from the final DTW value taken at the end of the low- flow sampling test. Values for total
drawdown are plotted against the corresponding flow rates; then a trendline is plotted through
these values using Excel. The slope of this line (S’) was then applied to Henebry and Robbins
(2000) equation, 2, K=(S^' ) ln[L/D+√(1+[L/D]^2 )]/2πL, as a means of solving for K. Within
the above equation, both length (L) are related to the five-foot long well screen and diameter (D)
to a two-inch diameter. This same equation was also used in Robbins et al. (2009). The R2 and y
intercept of this trendline were used as measures of the fit of the line to the field data (Robbins et
al., 2009).
3.5 Determining K with Equation 2 from Henebry and Robbins (2000)
This thesis study tested the Robbins et al. method of determining K at field sites that were
significantly more permeable than the aquifers studied in Robbins et al. (2009). Robbins et al.
(2009) emphasized the importance of maintaining both steady state discharge and steady
drawdown when implementing their method. After several liters had been pumped, drawdowns
were measured using a water level tape; this process was repeated periodically as the drawdowns
equilibrated. Prior to turning off the pump, researchers measured the DTW again to verify that
the DTW had remained constant over a sizable duration of the low-flow test so that the final
equilibrium drawdown value for the well could be calculated and used in the Robbins et al.
method.
The average flow rate for the entire test and its variation were then determined. As a
means of determining the flow rate in mL/min, time intervals for each 500 mL increment were
recorded in minutes and seconds and later converted to minutes and fractions of a minute. For
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each test, 20 L was pumped using steady flow rates ranging from 333 to 1,057 mL/min. For each
well, the final drawdown (cm) was plotted vs the steady flow rate (mL/min) of the water pumped
from the well. To determine the best fit relationship between pumping rate and drawdown, a
minimum of three points were needed on this graph. Each data point indicates a low-flow test
with a different flow rate and a corresponding difference in drawdown. Flow rate was
determined using a stopwatch to record the time required for each 500 mL increment of the 4 L
graduated cylinder to be filled.
The slope of the regression line (S´) is the slope of the straight-line fitting through the
values of flow rate in mL/min vs. drawdown in cm. The low-flow pumping tests were conducted
at four wells with the corresponding data being plotted using Excel. The values for flow rate
(mL/min) were plotted along the y-axis, and the values for drawdown (in either cm or ft) were
plotted along the x-axis. A minimum of three values for each well were plotted and fit using
Excel; S´ was determined using the slope of the best fit regression line (Robbins et al., 2009).
The quasi-slug test and Robbins et al. method of determining K were both calculated
based on the data from low-flow pumping. In addition, quasi-slug tests were conducted by
monitoring water-level recovery after low-flow pumping stopped. The quasi-slug tests were
completed by preventing the water from draining out of the tubing used during pumping while
the well recovered, which generated data like the slug-out portion of a slug test. Traditional slug
tests were also completed at each well. All three methods of determining K were more accurately
performed in low permeability well.
3.6 Potential Sources of Error
There are several potential sources of error in this study. Human error in data
measurement is a source of error. Another potential source of error in this study may be that
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researchers made false assumptions based on the available data. If researchers made such false
assumptions, a variety of problems could result, including falsified K values. This study assumed
that changes in flow rate were due only to variation in the permeability of the aquifer.
Monitoring the water chemistry and turbidity of the well water would have given insight
into approximately when the water came mostly from the aquifer instead of from what likely
stagnant water within the well casing. These measurements would have also illustrated whether
contamination was in the well water. However, taking these measurements would not have
affected determining K.
The Geotech Geopump Series II Peristaltic Pump was used at all our study sites. This
pump does not indicate the mL/min flow rate achieved during pumping. For each pump test the
flow rate was calculated by measuring the time it took to pump each half liter of water from the
well. Additional sources of error may have resulted from inconsistencies. Low-flow tests are
defined by having a rate that is not higher than 1 L/min. On June 21, 2016, a higher flow rate of
1,507 mL/min was recorded at the track well; that data was used in this study because it is not
unreasonably higher than the proposed maximum rates. Another inconsistency occurred early in
this study when during five low-flow pump tests, the pump was turned off without reaching the
subsequently established minimum of 20 liters pumped. In these instances, the pump was turned
off because it was clear that equilibrium had been reached.
The Heron Instruments Inc. transducer (S/N 09766 F30/M10) was not used on pump tests
completed prior to November 2016 but was used on all subsequent pump tests. These early tests
were kept because it was clear that the equilibrium had been reached during those tests. The
resulting data was used for the tennis court well to determine K via slug and quasi-slug test
methods but not with the Robbins et al. method. For the sake of consistency of site conditions in
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a future study, one should use a transducer from the start of all tests. The consistent use of a
transducer would enable one to calculate K values using both slug and quasi-slug methods
throughout the entire duration of the study. Finally, a source of error may come from the use of
several water level tapes on different test days to measure drawdown. To help limit the potential
for error, it would be beneficial to limit use to one water level tape.
Some sources of contamination could affect the flow rate in and around the well screen
due to chemical composition and/or turbidity values. Monitoring the water chemistry and
turbidity of the well water would have given insight into the changes in water chemistry and the
nature of potential contamination in and directly around the well. These practices could have
been used to determine the nature of any potential contamination at field sites in this study.
However, it was ultimately determined that monitoring the water chemistry for sources of
contamination was not necessary for this study.
This study discovered that the stadium well’s vault was cracked and had a leaking seal.
Also, surface runoff containing oils had possibly entered the well. The stadium well appeared to
be intermittently contaminated with an unidentified odorous contamination, which researchers
believed to be hydrocarbons. This contamination likely entered the stadium well from surface
runoff. A potential reason for this difference occurring at the stadium well is that it is the only
well located in a parking lot where vehicles might drive over it and might crack the vault. Also,
the stadium well is the only well located near the base of a large hill, one that is directly behind
the stadium. Runoff water likely introduced fine particles into the well, which could have
lowered the natural permeability as the sediment compounded and decreased permeability
further over time. While it is unlikely to be the case, it remains possible that such decreased
permeability could have affected the hydraulic conductivity of the area of the aquifer directly
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around the stadium well. There were no similar observations at any of the other wells in this
study.
During a heavy rain, rainwater is funneled towards the stadium well. One of the data
points at the stadium well from August 2017 was excluded from the results because it was
compromised by a heavy thunderstorm that occurred during the period of low-flow pumping and
produced local flooding. On October 14, 2017, the adjacent football field flooded. On June 20,
2019, a similar flooding event occurred, and the football field was once again covered with water
(D’Angelo, 2019). None of the other wells in this study showed signs of being in a location
prone to flooding. The stadium well was an outlier in a variety of ways. That well produced a K
value that was clearly compromised by external circumstances and was thrown out of the study
as a result. However, the uncompromised data from the stadium well and resulting K values were
kept in this study.
A different field location was removed from the study due to a lack of measurable
drawdown caused by rapid recovery during pumping. The need to remove this field location
illustrates limitations inherent with using low-flow pumping in such highly permeable aquifers.
It is also a further indication that one cannot assume that the low-flow sampling-based methods
of either the Robbins et al. method or the quasi-slug test will be effective in highly permeable
aquifers.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Comparing the Wells Used in this Study
Most of the wells used in this study were in high permeability aquifers that had
predictably rapid recovery rates. The tennis court well was significantly less permeable than the
three other wells used in this study. This finding is evidenced by the composition of the aquifer
material described by the well drillers, the amount of drawdown at the tennis court well, the
amount of time that both drawdown and recovery took, and the K values calculated at the tennis
court well.
Whether a well has low permeability or the well is poorly developed is not obvious. Had
the goal of the well testing conducted for this study been to accurately estimate the K of the
aquifer to the best of our ability, all wells that were tested would have first been developed.
Given the data collected and the procedures used in this study, researchers cannot say whether
the tennis court well would have had K values closer to the other three wells in the study had it
been developed prior to the testing. However, it can be assumed that all wells were developed
more or less equally at the time of installation because all four wells studied were drilled by the
same drillers within a period of a few days.
Drawdown and recovery times in a well are correlated with the permeability of the
aquifer. Because the Robbins et al. (2009) study was completed in low permeability aquifers, the
resulting data had greater drawdown and longer recovery times than we found in other wells in
this study. The extended time for recovery proved to be an asset when the Robbins et al. (2009)
study used the Robbins et al. method to determine K.
Three of the four wells tested in this study were more permeable and had consistently
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rapid recovery rates. The mean K values of those three wells were at least 17 times larger than
the mean K for the tennis court well. Figure 2 describes the well lithology at the tennis court
well. This well has a screen with silty clay above, trace clay below, and silt alongside. While
some of these materials can be seen in other well logs (Figures 4, 6, and 8), particularly the track
well, silt and clay are less prevalent around the three other wells.
Table 2 summarizes the range of drawdowns measured during the low-flow tests at the
four wells used in this study. The tennis court well averaged a drawdown of 0.86 ft (26 cm)
(Table 2). In comparison, the track well had a mean drawdown of 0.050 ft (1.6 cm), the Beam
power plant well had a mean drawdown of 0.066 ft (2.0 cm), and the WMU football stadium
well had a mean drawdown of 0.039 ft (1.2 cm) (Table 2). Not surprisingly, the drawdown in the
tennis court well was at least 17 times greater than the drawdown in the other three wells.
4.2 Requirements for Field Sites Used in this Study
Collecting data with different pumping rates was necessary to solve for K using the Robbins et
al. method. The equation used in this method required a parameter S’ obtained from the best fit
line of flow rate vs. drawdown data pairs from low-flow sampling at a well. It became clear in
this research that differing low-flow pumping rates do not always result in varying total
drawdowns in a well. We were able to maintain steady state pumping at all the wells that we
used. However, the low-flow sampling pumping rate was too low to achieve the significant
drawdown necessary for calculating K using the Robbins et al. method. Most of the aquifers in
this study were so permeable that they stabilized very quickly during and after pumping. Several
wells that were used and slug tests that had been successfully completed at the field site were
eliminated.
A potential field site was removed from further analysis in the study because the total
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drawdown in the well was consistently equal despite using different pumping rates for each test.
This field site had particularly high permeability, resulting in such a rapid recovery rate that the
total drawdown never exceeded a certain amount. The need to eliminate this field site from this
study was indicative that the Robbins et al. (2009) method of determining K is not applicable to
low-flow sampling in all aquifers. The data produced in the field was monitored for errors and
applicability to the study. This resulted in both the removal of field sites from the study and the
removal of two individual data sets because of suspected measurement errors.
4.3 Potential Causes of Differences in Permeability with Various Wells Used in this Study
The heterogeneous glacial deposits throughout Michigan (Figure 1) have resulted in
many aquifers throughout Michigan with significant differences in geologic composition. When
using low-flow pumping in very high permeability aquifers, recharge occurs during pumping. As
mentioned above, a site had to be removed from this study because we consistently measured
little drawdown in this well. Without drawdown values, it is not possible to solve for K. This
limits the applicability of applying the Robbins et al. method in SW Michigan, where higher
permeability aquifers are common due to the prevalence of glacial outwash deposits.
All wells in this study were installed by SME within a few days of one another. We
assume that the same driller developed these wells using identical methods. The glacial geology
in this area of Michigan resulted in inconsistencies in the geologic composition of the aquifers.
When SME installed a well, a log of the stratigraphic material encountered while drilling the
well was created. The stratigraphic data established that the wells in this study are in highpermeability aquifer materials (Figures 2, 4, 6, and 8). This explains the fast drawdown and
recovery measured during this field research. The stratigraphic log attributes correspond to the
resulting K values determined at each well.
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Among the four wells tested on campus, the tennis court well flowed at a slower rate than
any of the other wells. Comparing the mean slug test values, the track and stadium wells were
both over 17 times more permeable than the aquifer at the tennis court well (Table 1). The mean
slug test value for the power plant well was over twenty-four times greater than that at the tennis
court well. The differences between the tennis court well and the other three wells could be due
to several reasons. The tennis court well could have lower permeability in the aquifer material,
less thorough development, or clogging after well installation. The behavior of the tennis court
well is likely because it is surrounded by lower-K materials than the other wells. Stratigraphic
data recorded by SME indicates that the geologic description for the tennis court well differs
from the three other wells in the amount of fine sand, silty clay, and clay near and surrounding
the well screen (Figure 2, 4, 6, and 8).
The lower permeability of this well was valuable because it made it easier to obtain K
values. The K results from all three methods used at the tennis court are more accurate and
precise than the values obtained at the other three wells used in this study. This consistency in
the quality of values obtained at the tennis court well allowed us to complete a comparison study
of the three methods for determining K. The quasi-slug test was not successfully applied at the
other three wells due to the rapid recovery rates in these high permeability aquifers.
All wells used as field sites for this study were in water-table aquifers where the water
was shallow. The depths of the four wells used in this study are: tennis court (24.5 feet), power
plant (20.0 feet), track (15.0 feet), and stadium (15.0 feet). There may be a correlation between
the fact that the tennis court well was the deepest and the least permeable of the four wells. The
drillers had to drill deeper to find an “aquifer” by the tennis court than they had to drill at the
other three sites.
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4.4 Analysis of the Quasi-Slug Test Method
All wells used in this study have a filter pack, which is referred to as the gravel pack,
composed of 2NS sand surrounding the well screen. Because this material is coarser than the
aquifer, it results in rapid inflow to the well. In both the slug and quasi-slug tests conducted, the
data from well recovery (either directly after the slug is removed or when the peristaltic pump is
turned off) are used as a means of determining K in AQTESOLV. The rapid recovery
corresponding with a quasi-slug test is fitted with a correspondingly steep trendline and occurs
directly after the pump has been switched off. In a slug test, the period of most rapid recovery
begins the moment that the slug is pulled from the well, time 0. Fitting the fast recovery points
near time 0 will often result in artificially high K values in gravel-packed wells because these
values will correspond to water flowing into the well from the high-permeability gravel pack
adjacent to the well screen rather than from the less-permeable aquifer material outside the
gravel pack.
In this study, the drawdown for both quasi-slug and slug tests were measured using a
transducer. The quasi-slug test is more likely to fail than a slug test. Because the quasi-slug test
is based upon the equivalent of a small slug that is removed from the well, it results in limited
change in the depth to water. That requires recording water-level recovery using a transducer.
The earliest tests of this study did not use a transducer, which limited gathering useful data.
Compared to using a water-level tape, the use of a transducer increases the number of data points
recorded during drawdown and recovery. There were two limitations to recording data using a
transducer in these tests: the rate of data recovery using this transducer and the high permeability
of these aquifers. The transducer used in this study can record data no faster than one
measurement per second.
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The significantly higher drawdown values and longer recovery times of the tennis court
well produced sufficient data points to complete the quasi-slug test. The stadium well, track well,
and power plant well were so permeable that they all partially recovered during low-flow
pumping. This resulted in both limited drawdown and exceptionally rapid recovery, which
resulted in obtaining too few data points to adequately describe a quasi-slug test. The quasi-slug
test method was only applicable at the tennis court well. Because the other three wells recovered
so quickly by comparison, this quasi-slug was not applicable at any of other wells used in this
study (Table 1).
When using AQTESOLV (Duffield, 1996-2007) to determine K, there is an option to
show a set of parallel lines between which is the suggested best range of drawdown data to fit
with a straight trendline. The method of drawing the trendline through the suggested range of
values was applied to both slug and quasi-slug tests. Figure 10 illustrates three analyses of the
same data points at the tennis court well. The top left image in Figure 10 shows a tempting
straight line fit to the test data. This value of K is too large, however, because it is determined by
the well’s gravel pack. The figure on the top right of Figure 10 illustrates what it looks like to fit
a trendline to the data points after the recommended range of values. The resulting K value is too
small. The image at the bottom of Figure 10 illustrates the benefit of adding parallel lines within
AQTESOLV as a means of finding the best fit value set. The K value that results from analyzing
the recommended data set is between the other two K values, and represents the K of the aquifer.
This result can be seen by comparing it with the K values from the other two methods shown in
Table 1.
The transition between faster water movement through the gravel pack and slower water
movement through the natural aquifer material is not easily discerned from the data. After water
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has flowed through the gravel pack, the second line reflects the rate of subsequent water flow
which is coming from the naturally packed aquifer material. Fitting the slow recovery points
when the total drawdown is less than 0.05 foot generally produces inaccurate results. Even when
the drawdown is as large as 0.10 foot, trying to elucidate a K value from those data points will
likely result in a K value that is too low.
4.5 Analysis of the Robbins et al. Method of Determining Hydraulic Conductivity
The value of S’ is obtained using the graphs of flow rate vs. drawdown (Figures 3, 5, 7,
and 9), which were plotted using all of the data measured in field tests at a given well (Table 2).
The graphs used to determine the slope value (Figures 3, 5, 7, and 9) each have an associated R2
value. Because the slope of the regression line between flow rate and drawdown (S’) is an
essential element in the Robbins et al. method, it is important that the R2 of each trendline
indicates a good fit of data values from each well. We required that each regression line pass
through the origin consistent with Darcy’s Law.
The four wells tested in this study have a variety of R2 values: 0.9965 (tennis court well),
0.983 (power plant well), 0.966 (track well), and 0.9919 (stadium well). All the R2 values are
close to 1.0, indicating a good fit of the data that is plotted in these graphs (Robbins et al., 2009).
The Robbins et al. method produced the following K values for the aquifers surrounding the four
wells used in this study: 2 ft/d (0.042 cm/s) at the tennis court, 110 ft/d (2.4 cm/s) at the power
plant, 70 ft/d (1.5 cm/s) at the track area, and 78 ft/d (1.7 cm/s) at the stadium (Table 1). This
order-of-magnitude variation of the K values is not surprising for glacially deposited aquifers.
Obtaining the data for the Robbins et al. method does not add a significant amount of time to the
on-site low-flow sampling in the field. The additional cost of this process comes with the labor
used to determine K. This study was able to successfully complete the Robbins et al. method at
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the four wells we tested. Table one compares the K values from the testing sites. There was the
most amount of measurable drawdown in the lower permeability tennis court well. This resulted
in longer times for both drawdown and recovery as compared to the other three wells used in this
study. The tennis court well had the lowest permeability and had good correlation between the
low-flow sampling method and slug testing in determining K (Table 1).
4.6 Statistically Comparing K values from the Robbins et al. Method with Slug Tests
Dr. Steven Kohler performed a statistical analysis using the statistical computing
software R version 4.0.3 (R Core Team 2020) to compare the mean K values from the Robbins et
al. method and slug tests conducted at the four different wells used in this study. Our null
hypothesis is that there is no difference in K values between the Robbins et al. method and slug
test method. Kohler used a paired-sample t-test to compare the results of these two methods. “To
perform a paired t-test, for each well we calculate the difference in K between the 2 methods. We
then test whether the mean difference is significantly different from 0” (Kohler, 2021, private
communication). Kohler’s analysis gave these results:
•

T.test (Robbins, slug, paired=TRUE)

•

Paired t- test

•

Data: Robbins and slug

•

t=1.1717, df=3 [the number of wells minus 1], p-value=0.3259

•

alternative hypothesis: true difference in means is not equal to 0

•

95 percent confidence interval: -7.722417 and 16.722417

•

sample estimates: mean of differences is 4.5

The conclusion was that there is no significant difference in K between the two methods.
Kohler also explained that the mean difference is 4.5 (i.e., on average K is 4.5 units larger
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using the Robbins method than the slug method), and this value is not significantly different
from 0. Thus we cannot reject the null hypothesis of no difference in K between the two
methods. That conclusion does not mean there is no difference in K between the methods; we
simply cannot detect a difference with the data available. In other words, with a larger sample
size (i.e., if the tests had been performed in many more wells), it is possible that we would detect
a difference. In other words, we can never conclude that the null hypothesis is correct or true
because it is always possible we would reject it if we had more data (Kohler, 2021, private
communication).
Finally, Kohler discussed the statistical implications of a third method, quasi-slug testing
that was used at the tennis court well. However, the mean of the Robbins et al. method and the
mean of the slug test K’s in the tennis court well is 3, with a 95% confidence interval of (9.7062, 15.7062). Since the quasi slug K (= 1.2) is contained within the 95% confidence interval
of the mean for the Robbins et al. method and the traditional slug test method, it suggests that the
results of the quasi-slug test would fit in with the other test results. Again this interpretation is
merely suggestive. Stronger conclusions cannot be made without more data (Kohler, 2021,
private communication).
Because the quasi-slug test only produced reliable results at one well, there was not data
to do a statistical comparison. More research is needed in similar aquifers to compare these
methods to the slug test.
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CHAPTER 5
CONCLUSIONS
5.1 Comparison of the Use of Robbins et al. Method
While this thesis is not an exact replica of Robbins et al. (2009), the method for
determining K used in that study was applied to unconfined aquifers on the campus of Western
Michigan University in Kalamazoo, Michigan. Using the method from Robbins et al. (2009), this
thesis study compared K values determined using the low-flow sampling method in four wells to
K values calculated by slug tests. While Robbins et al. (2009) did not use the program
AQTESOLV when solving for K, researchers involved with the thesis study used the program
when analyzing both the slug test and quasi-slug-test data. K was also determined using the
equation K=(S^' ) ln[L/D+√(1+[L/D]^2 )]/2πL, an equation used in both Henebry and Robbins
(2000) and Robbins et al. (2009).
While there are many similarities between this study and Robbins et al. (2009),
differences include the permeability of the aquifer, the addition of quasi-slug tests, and the use of
AQTESOLV to determine K. However, both studies similarly tested the validity of all
alternative methods of determining K against the standard method, the slug test. Table 1
summarizes the different values for K obtained using the three methods this study tested. In this
study, the quasi-slug test was only applicable at the tennis court well.
A quotation from the abstract of the Robbins et al. (2009) justifies both that study as well
as the attempt in this thesis to replicate Robbins et al. (2009): “Conductivity values computed
using this approach can enhance the use of low-flow data gathered in water quality sampling,
avoid the need for slug testing in a subsequent phase of investigation, and help reduce the cost of
characterizing sites when multilevel samplers are used” (Robbins et al., 2009, p. 271). To
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contribute to scholarship related to the above statement about an alternative to slug testing, this
thesis project attempted to duplicate the Robbins et al. (2009) method in the surficial unconfined
aquifers on the WMU campus.
When working in the field, there is a risk that poorly developed wells will be mistaken
for low-K aquifers. In this study, we chose not to develop wells prior to solving for hydrologic
conductivity (K). This decision meant that the established conditions at the various wells were
maintained. The tennis court well consistently had the highest drawdown and was slow in
recovering compared to the other wells. It appears that the best explanation for the variation in
behavior of the tennis court well is that the well’s surroundings, which includes lower-K
materials, contributed to the data recorded at that well. The corresponding geologic log for the
tennis court well indicates that the well had traces of silt, which would also account for the
differences in the values for hydrologic conductivity (Figures 2, 4, 6, and 8). When comparing
the results from the three methods used to solve for K, the greatest correlation occurred at the
tennis court well (Table 1). This finding is consistent with the K values obtained in this research.
The method described by Robbins et al. (2009) could be applied to existing low-flow
sampling data if different flow rates have been used. All four wells used within this study could
be classified as being moderately permeable. Within the range of permeability, the tennis court
well was the only well that was on the lower end of the permeability spectrum. When compared
to slug test results, the results produced through the use of the Robbins et al. method were closest
to slug test results at the tennis court well. This finding, in combination with the R2 values for the
S’ values of rate vs. drawdown, led us to conclude that the Robbins et al. method had the most
accurate and precise results at the tennis court well.
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The Robbins et al. method was successful at all four wells in this study. However, the
Robbins et al. method and the methods used during this study produced the most accurate results
when applied to wells in aquifers that were less permeable. This study has found that there is
potential to implement the Robbins et al. method in environmental consulting. However, in this
study a slug test was the fastest and most reliable method of determining K at the field sites used.
5.2 Comparing the Quasi-slug Test to a Slug Test
The quasi-slug test is similar to a slug test in that both tests analyze how fast the water
level in a well returns to equilibrium after being disturbed. Because Dr. Duane R. Hampton
suggested the quasi-slug test within this thesis; there are no references for this method. Table 1
shows the K values obtained at the four wells in this study. The quasi-slug test method could
only be used at the tennis court well due to the fact that the tennis court well has significantly
lower permeability and slower recovery rates than the other wells in this study. While it was
possible to complete the quasi-slug test method at the tennis court well, it was exceptionally
difficult to obtain adequate data in the more permeable aquifers surrounding the other three
wells. Applying the quasi-slug test at low permeability aquifers would be a very interesting study
to complete in the future.
5.3 Potential Changes for Future Studies
Measuring the water’s chemistry and temperature was not necessary to determine
hydrologic conductivity while using any of the methods tested in this study, but additional
chemical measures would have indicated whether the water pumped out of the well was
contaminated. Given that this project was designed to determine K via low-flow sampling data, it
was unnecessary to measure either the chemical qualities or the turbidity of the well water.
Measuring the water chemistry (particularly dissolved oxygen) and temperature of the well water
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would have helped clarify when the collected water started to come from deep within the aquifer
as opposed to its coming from the casing storage. Therefore, in future studies of the Robbins et
al. method, it would be beneficial to measure changes in the water chemistry throughout the
pumping process.
Turbidity was not measured in this study. Measuring the particles suspended in the well
water would have been applicable had the well needed to be purged to achieve the maximum
level of productivity. It would be valuable to develop wells to limit the effects of poor
development and subsequent clogging. This step would limit variations in the rate of drawdown
and recovery to those due to the natural permeability of the geologic material of the aquifer. If
the researchers would choose to develop the well, it would be beneficial to complete several slug
tests both prior to and after well development. These slug tests would help to determine whether
the well’s slow flow rate resulted from either a low permeability aquifer or insufficient well
development. Any effort to purge the wells in this study was avoided because that work could
have increased the permeability of the materials around the wells and changed what we were
trying to measure.
The lithology within the well could have been confirmed using a gamma ray downhole
logger. The researchers investigated the use of WMU’s Mt. Sopris gamma ray logger to compare
with the well logs created by SME (Soil and Materials Engineers, Inc.) when that company
drilled the wells. Issues of training, access, and accuracy arose in investigating the application of
the WMU gamma logger, making its use an impractical addition to this study.
Four different categories of field sites were used for this thesis project. First, two sites
with existing low-flow sampling data were analyzed, but the data were not sufficient enough to
apply the Robbins et al. method. Second, some wells tested at different sites in this study were
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excluded because the drawdown did not change or changed very little when the pumping rate
increased. This lack of change was due to the wells recovering during low-flow pumping. The
third field site category was wells where the Robbins et al. method and slug tests worked, but the
quasi-slug tests did not produce good data. The fourth field site category was the tennis court
well where all three methods worked consistently.
5.4 Beyond Results
This study attempted to obtain reproducible and accurate K results in low permeability aquifers
using two parts: replicating the Robbins et al. method and using the quasi-slug test. These two
methods were compared against slug testing, the traditional method of determining K. Robbins et
al. (2009) tested their method in low permeability aquifers. By comparison, this thesis study
applied the Robbins et al. method to a range of higher permeability aquifers. The quasi-slug test
monitors how fast the water level in a well returns to equilibrium after the low-flow sampling
pump is turned off. In that sense, it is like a slug test in which the water level recovery is
measured when a slug is inserted into or removed from a well.
The quasi-slug test was suggested by Dr. Duane R. Hampton and first tested in this study.
While the quasi-slug test appeared to be successful at the tennis court well, it was not successful
at any of the other wells in this study. Because of this result, we were unable to make a statistical
comparison of mean slug tests against our mean quasi-slug test value. Even at the tennis court
well, it was difficult to get recovery data that was easy to analyze for a quasi-slug test. The
unpredictable nature of the quasi-slug test in a high permeability aquifer proved problematic.
This unpredictable nature of the test was evidenced by three of the four wells recovering so fast
that there were not enough points to define recovery in a quasi-slug test. All these factors should
be considered before attempting to replicate these methods in a highly permeable aquifer.
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One potential application of the Robbins et al. method is to historical data if all necessary
measurements were taken in the field. Robbins et al. (2009) applied their method to historical
data collected by an environmental consulting firm. Researchers involved with this thesis study
attempted to also work with historical data, but the data proved to be inadequate for the testing
we conducted. Applying the Robbins et al. method to historical data could potentially be used to
determine whether the permeability of the aquifer had changed over time.
This thesis research was completed because it was believed that either the quasi-slug test
or the Robbins et al. method could be used with the process of low-flow pumping to save both
time and money for someone working in the environmental consulting industry. The two
additional methods of determining K in this study were tested and compared with the K values
from slug tests completed at the same wells. The Robbins et al. method was largely consistent
with the quality of data that the slug test produces. Of the three methods to determine K that
were tested in this study, the slug test is the only one that consistently had the following qualities
between data sets: reproducibility, accuracy, and precision. Applying the Robbins et al. method
took significantly more time than a slug test would have taken in the same wells. While it could
be argued that either method has the potential to save time in the field, researchers found that in
this study completing a slug test took significantly less time than the alternative approaches.
Additional research would help further define whether the Robbins et al. or quasi-slug test
methods would be beneficial alternatives to slug testing highly permeable aquifers.
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Table 1: Results for Robbins et al. K (cm/min) and (ft/day), Mean Slug
Test K (ft/day), and Mean Quasi-Slug K (ft/day)

Well
Tennis Court
Power Plant
Track
Stadium

Robbins et al. K
(cm/min)
0.042
2.4
1.5
1.7

Robbins et al.
K (ft/day)
2
110
70
78
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mean slug test K
(ft/day)
4
97
72
69

mean quasi slug test K
(ft/day)
1.2

Table 2: Summary of Low-Flow Tests Using a Peristaltic Pump
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Tennis Court well
Initial depth to water
prior to pumping (ft)
14.15
13.94
'
I
15.04
I
15
14.97
I
I
14.07
I
14.1
Track well
Initial depth to water
prior to pumping (ft)
6.14
6.4
'
6.275
I
I
6.3
6.27
Power Plant well
Initial depth to water
prior to pumping (ft)
12.31
12.645
'
I
12.645
12.61
Stadium well
Initial depth to water
prior to pumping (ft)
9.32
9.11
'
8.97
I
9.07
I

Depth after
pumping (ft)
15.5
14.82
15.72
15.78
16.11
14.77
14.59

llh

(ft)
1.35
0.88
0.68
0.78
1.14
0.7
0.49

.llh
(cm)
41.1
26.8
20.7
23.8
34.8
21.3
14.9

pumped duration flow rate
vol. (L) test (min) (mL/min)
41.00
23.00
561.0
22.50
36.20
621.6
24.50
45.27
541.2
27.00
526.5
51.28
761.5
25.00
32.83
12.25
24.07
508.9
26.00
80.00
325.0

.llh
(cm)
1.5
1.2
2.6
0.9
0.9

pumped duration flow rate
vol. (L) test (min) (mL/min)
40.27
19.50
484.3
21.00
35.60
589.9
24.00
1057.0
22.82
20.00
35.03
573.0
20.00
66.68
300.0

Depth after
pumping (ft)
6.19
6.44
6.36
6.33
6.3

(ft)
0.05
0.04
0.085
0.03
0.03

Depth after
pumping (ft)
12.34
12.745
12.72
12.67

.llh
(ft) (cm)
0.03 0.9
0.1 3.0
0.075 2.3
0.06 1.8

Depth after
pumping (ft)
9.345
9.16
9
9.12

llh

llh

llh

(ft)
0.025
0.05
0.03
0.05

.llh
(cm)
0.8
1.5
0.9
1.5

date
2/23/2017
2/11/2017
11/23/2016
9/11/2016
8/18/2016
5/18/2016
5/15/2016
date
9/11/2016
7/3/2016
6/21/2016
6/21/2016
6/21/2016

Quasi
start flow rate Slug
time (mL/min) Test?
y
12:48
y
12:32 621.6
y
11:53 541.2
y
10:1 6 526.5
761.5
1:30
N
3:20
508.9
N
4:31 325.0
N
start flow rate
time (mL/min)
1:25
484.3
9:45
589.9
6:45 1057.0
573.0
5:52
7:45
300.0

pumped duration flow rate
date
start flow rate
vol. (L) test (min) (mL/min)
time (mL/min)
20.00
52.15
383.5
9/11/2016 2:41 383.5
7/9/2016 11:45 833.0
20.00
10.05
833.0
765.0
23.50
30.72
7/9/2016 12:15 765.0
7/1/2016 4:00
12.50
19.50
641.0
641.0
pumped duration flow rate
vol. (L) test (min) (mL/min)
23.50
39.33
597.5
20.00
90.00
222.2
46.00
73.00
630.1
28.50
34.25
832.1

date
8/31/2017
7/19/2017
7/14/2017
7/10/2017

start flow rate
time (mL/min)
11:29 597.5
2:10
222.2
630.1
2:1 5
2:29
832.1

y
N

y
N
N

y
N

y
N

N?

y
y
Y?

FIGURES
Figure 1: Map of Wells Used in this Study
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Figure 2: Well Lithology at the Tennis Court Well
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SURFACE ELEVATION: 842.6± FT
PROFILE DESCRIPTION
Driller Reported 2 inches of
Sand To soil
Fine to Medium Sand- Some SiltTrace Gravel and Clay- BrownMoist- Medium Dense SM/ Fill
Sandy Clay- Some Silt- Trace
G ravel- D ark Brown- Very Stiff
(CUFill)

TOP OF CASING ELEV: 842.26 FT
Ive asing,

2-inch Diameter Flush Threaded Sch. 40 PVC
Well Riser

6.0

Bentonite/Cement Grout

. 8.5

Fine to Medium Sand- Trace to
Some Silt- T race Gravel- BrownMoist- Loose (SP-SM)

8.25-inch Diameter Borehole

· 11 .0

Silty Fine Sand- T race Clay and
G ravel- Brown- Wet- Very Loose
(SM)

835

10

.· ',

Silty Clay- Trace to Some G ravelTrace Sand- Gray- Hard (CL)

830
14.0
15
17.0

'SJ_
825

Bentonite Chips
Silty Clay- Trace to Some G ravelTrace Sand- Brown- Very Stiff
(CL)
825.6 .

.!.
Fine Sand- Trace Gravel, Medium
Sand, and Silt- Brown- WetDense (SP)

20
22.0
820
· 24.S
25

2-inch Diameter Sch. 40 PVC With 0.01 Slot
Size Well Screen, 5 Feet in Length
820.6 . ·

Silty Fine Sand- T race Gravel and
Clay- Gray- Moist- Extremely
Dense (SM)

Well Screen Tip Elevation 819.76 Feet

818.1

END OF BORING AT 24.5 FEET.
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Figure 3: Graph of Data Collected at the Tennis Court Well

Tennis Court Well: Flow Rate (mL/min) vs. Drawdown (ft)
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Tennis Court Well: Flow Rate (mL/min) vs. Drawdown (cm)
900
800

Flow Rate (mL/min)

700
600
y = 23x
R² = 0.9965
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+

100

+

0
0.0
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Drawdown (cm)
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Figure 4: Well Lithology at the Power Plant Well
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Figure 5: Graph of Data Collected at the Power Plant Well

Power Plant Well: Flow Rate (mL/min) vs. Drawdown (ft)
1000
900

Flow Rate (mL/min)

800
700
y = 9472.7x
+
R² = 0.983

600

500
400

.

300
200

+

100
0
0

0.02

0.04

0.06

0.08

0.1

0.12

Drawdown (ft)

Power Plant Well: Flow Rate (mL/min) vs. Drawdown (cm)
1000
900

Flow Rate (mL/min)

800
700
y = 310.64x
R² = 0.9831
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500
400
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200

+

100

+

0
0.0

0.5

1.0

1.5

2.0

Drawdown (cm)

53

2.5

3.0

3.5

Figure 6: Well Lithology at the Track Well
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WELL DIAGRAM

u.

~o SURFACE ELEVATION: 816.4± FT
>a::
Cl) Cl.

TOP OF CASING ELEV: 816.02 FT

PROFILE DESCRIPTION

s,ng,

Driller Reported 3 inches of
Sand To soil
Silty Fine Sand- Trace to Some
Clay- Trace Gravel- Dark BrownMoist- Very Loose (SM/Fill)

8 15

810

,,

w

" 8.5

10
11.0
805

Sandy Clay- Some Silt- Trace
Gravel- Brown- Very Stiff (CUFill)
Clayey Fine to Medium SandTrace to Some Silt- Trace GravelGra - Moist SC/Fill
Amorphic Peat- Occasional
Roots- Black (Pt)
Fine to Medium Sand- Trace to
Some Silt- Trace GravelOccasional Sandy Silt LayersGray- Moist to Wet- Medium
Dense SP-SM

Bentonite/Cement Grout
2-inch Diameter Flush Threaded Sch. 40 PVC
Well Riser

2NSSand
807.9 _:

8.25-inch Diameter Borehole

805.4

Fine to Coarse Sand- Trace to
Some Gravel and Silt- BrownWet- Dense (SP-SM)
15

15.0

Well Screen Tip Elevation 803.02 Feet

801.4

END OF BORING AT 15.0 FEET.
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Figure 7: Graph of Data Collected at the Track Well

Track well: Flow Rate (mL/min) vs. Drawdown (ft)
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Track Well: Flow Rate (mL/min) vs. Drawdown (cm)
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+

y = 410.08x
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+
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400
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200
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•

0
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Figure 8: Well Lithology at the Stadium Well
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CLIENT: Western Michigan University
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SURFACE ELEVATION: 802.7± FT
PROFILE DESCRIPTION

TOP OF CASING ELEV: 802.33 FT

s
n
r,
sing,
Expandable Well Gap
2-inch Diameter Flush Threaded Sch. 40 PVC
Wei Riser
800

8.25-inch Diameter Borehole
2NS Sand

795

790

Fine to Medium Sand- Trace SiltBrown- Wet- Medium Dense (SP)
Wei Screen Tip Elevation 788.3 Feet
787.7

END F BORIN AT 15.0 FEET.
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REMARKS

Figure 9: Graph of Data Collected at the Stadium Well

Stadium Well: Flow Rate (mL/min) vs. Drawdown (ft)
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Stadium: Flow rate (mL/min) vs. Drawdown (cm)
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Figure 10: Top Images Lack the Trendline through Correct Values, Bottom Image Does
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Figure 11: Quasi-slug Test Conducted on 2/11/2017 at the Tennis Court Well
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AQUIFER DATA

Saturated Thickness: 10.56ft

Anisotropy Ratio (Kz/Kr):

.1

'1£1 1 PATA (NewWell)
Initial Displacement: ~
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Total W ell Penetration Depth:
Casing Radius: Q...Q.§,ill ft

Aquifer Model:

~

K = 1.764 ft/day

S:aticWater Column Height: M§ ft
Screen Lenqth: 2, ft
Well Radius: 0.08333 ft
Gravel Pack Porosity: ~
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=
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~

yO = 0.7076 ft
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Figure 12: Quasi-slug Test Conducted on 2/23/2017 at the Tennis Court Well
10

1_

-------"(',,;--------

"" ,, ,

0_1

~~~~~~~~~~~~~~~~~

0

160

320

480

640

800

T ime (sec)

T ime (sec)

\'\£LL TEST MALYSIS

\'\£LL TEST ANPI.YSIS

Data Set: E:\ ...\ 10 10 Gravel K Graph Feb 23 tennis court auasi Bower Rice.agt

Date: 1CV12/17

Data Set· E:\ ___\ 10 12 Gravel K Graph Feb 23 tennis court auasi Bower Rice.aqt
Date: 1CV12/17
Time: 00:31:0 3

Time: 00:21:32
PROJECT INFORMATION

PROJECT INFORMATION

T est Well: ~

Test Date:

Test Well: ~
Test Date: ~

J..u.ntl..20..1
AQUIFER DATA

Saturated I hickness: 1U.J~ tt

Amsotropy Kat10 (Kz/Kr):

AQUIFER DATA

L

Sat urated Thickness: 10.35 ft

Anisotropy R ati o (Kz/Kr): 1.

'M::LL DATA (New Well)
Initial Displacement: 1.15. ft
Total Well Penetration Depth
Casing Radius: ~ ft

Aquif er Model: Unconfined

K = 2.148 ft/day

Static W ater Column Height:

llift

Screen Lenqth: .5.. fl
\!\ell Radius: 0.08333 ft
Gravel Pack Porosity: Q_,

IM:LL DATA (New Well)

ru ft

Initial Displacement: 1..1.5. ft
Total Well Penetratio n Depth
Casing Radius: 0.08333 ft

==

Solution Method: Bouwer-Rice

Aquifer Model: Unconfined

~
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Static Water Column Height :
Screen Lenqth: .5.. ft
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Gravel Pack Porosity: ~
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